Abstract-A WLAN band notched compact ultra-wideband (UWB) microstrip monopole antenna with stepped geometry is proposed. A L-slot loaded modified mushroom type Electromagnetic Band Gap (EBG) is designed, analyzed and used to realize notched band characteristics for wireless local area network (WLAN) in the UWB frequency range.
INTRODUCTION
Ultra-wideband technology have become more attractive in academic research and industries for it's vast application in wireless world since the Federal Communication Commission (FCC) released the unlicensed 10-dB band of 7.5 GHz (3.1-10.6 GHz) with an effective isotropic radiated power (EIRP) spectral density of −41.5 dBm/MHz as UWB in year 2002 [1] . UWB systems have advantage of low power consumption, low cost, capability of high data rate, low interference, and ease of installation which is essential for short range communication. Therefore there is increasing demand of UWB antenna which is an integrated component of UWB systems. In addition to UWB, Bluetooth applications have also the advantage of license-free operation in the Industrial, Scientific, and Medical (ISM) band covering frequency range from 2.40 GHz-2.484 GHz (IEEE 802.11b and IEEE 802.11g) band. Bluetooth is also used in short range to transfer data between portable devices with high data rate.
Some standard narrow bands like wireless local area network (WLAN) applications operating in 5.15 GHz-5.825 GHz (IEEE 802.11a and HIPERLAN/2) exists in between the UWB frequency range allocated by FCC which may cause interference to the UWB systems. Therefore, to prevent UWB systems from any interference due to standard narrow bands, band rejection techniques have been used in UWB antenna. In recent years, many type of printed microstrip monopole antenna [2] [3] [4] [5] [6] [7] and lots of conventional techniques to achieve the WLAN band notched characteristics have been reported [8] [9] [10] [11] [12] [13] [14] . The conventional techniques to achieve band notched are to cut slots on radiating patch, feed line, and on the ground plane or to put some parasitic element near the radiator. But many of them affect the time domain behavior and radiation pattern due to perturbation of radiating element.
Electromagnetic band gap (EBG) structures have been used with microstrip antennas in many applications to reduce surface wave, mutual coupling between to two adjacent antennas [15, 17] , use of high impedance screen to provide dipole antenna impedance matching without influence the radiation pattern [16] and to reduce spurious response of filters [15] . EBG structures can also be used in UWB antenna technology to create notched band characteristics [18] [19] [20] [21] . In this article, two L-slot loaded modified EBG structure is used to create WLAN band notched in UWB antenna.
The article starts with the design of a compact monopole antenna with stepped geometry. The antenna radiate over the frequency band of 2.3 GHz to over 11 GHz with (VSWR < 2) to cover both ISM band and FCC's UWB. A modified L-slot loaded mushroom type EBG structure is designed and analyzed for determination of operating stop band gap. After that the designed EBG structure is used in the monopole antenna with stepped geometry for WLAN band rejection. The proposed antenna has been designed and optimized by using Ansoft's (HFSS) [22] and also verified by Computer Simulation Technology Microwave studio (CST MWS) [23] before going to final fabrication and measurement steps. Parametric investigations of EBG structure have also been carried out to understand the effects of parameter variation. The configuration of proposed antenna is shown in Figure 1 . The antenna consist of partial ground plane, fabricated on FR4 substrate of overall size 40 (L sub ) × 30 (W sub ) × 1.6 (h) mm 3 with dielectric constant (ε r ) 4.4 with loss tangent (tan δ) of 0.02. The radiating element of antenna is composed of three step like sections of size L 1 ×W 1 , L 2 ×W 2 , and L 3 ×W 3 . The size of these sections are determined by using formula for simple patch antenna design [24] for frequencies of 3.5 GHz, 7 GHz, and 10.0 GHz, after that the parameters are optimized to get the UWB characteristics. A 50-Ω microstrip line of width 3 mm with linear tapered transition from 3 mm to 1.2 mm is designed to feed monopole antenna with SMA (sub-Miniature version A) connector. The tapered section in the microstrip line is used to match the impedance over wider frequency band. The optimized shape parameter of the proposed antenna are given in Table 1 . 
Design and Study of Modified Mushroom Type EBG Structure
The modified mushroom type EBG consist of square patch with two complementary L-slots loaded and a circular metallic via to connect the patch to ground plane. The stop band of mushroom type EBG Figure 2 and the optimized value of the shape parameters of modified mushroom type EBG are given in Table 2 . 
The band gap of EBG structure is determined by plotting the dispersion Brillouin diagram shown in Figure 3 using HFSS [22] . The band gap region is defined as a frequency band where no mode is propagated. The band gap from dispersion diagram is seen from 5.12 GHz to 5.98 GHz. Further, the stop band can also be predicted by the plot of variation of S 21 with frequency by the use of a microstrip line with EBG structure which is shown in Figure 4 . It is observed that the S 21 < −10 dB ranging from 4.68 GHz to 6.18 GHz which indicate the stop band behavior of the structure and also in good agreement with the dispersion diagram. A microstrip line based approach given in [17, 20] is applied to study the resonant frequency characteristics of EBG which is the approach applied to design UWB band notched antennas. As shown in the Figure 5 , the complementary L-slot loaded EBG patch is located in vicinity of 50-Ω microstrip line with gap 'G p '. An equivalent circuit model is designed based on LC resonator to explain the mechanism of the EBG structure coupled to the microstrip feed line. In this model, C 0 denote the capacitance between the EBG patch and microstrip line and C 1 is capacitance between EBG patch and ground plane. The inductance L 1 is due to current flow through the via and L 2 is due to current flow around the L-slots. Then based on the LC-parameters the resonant frequency is given by, Figure 6 . The gap 'G p ' is same as the distance of patch sides from substrate corner in unit cell. 
PARAMETRIC STUDY OF PROPOSED ANTENNA WITH EBG STRUCTURE
To understand the effect of some important parameters of EBG structure on the UWB antenna with stepped geometry simulated parametric study has been done in this section. The variation of VSWR for different EBG patch size (Le 1 ) is shown in Figure 7 of 'G p ', peak value of VSWR decreases and the bandwidth at notched band increases while upper frequency of notched band kept constant. This is due to the reduction of capacitive coupling between EBG and feedline. The radius (r) of via of EBG structure is also an important parameter which include an inductance parameter in equivalent circuit of Figure 5 . The effect of variation of 'r' on VSWR plot is shown in Figure 7 (c). It is clear that as the radius of the via decreases, the center frequency of notched band also shifted to lower frequency range with some decrease in bandwidth, it is due to the fact that when the radius of via decreases the inductance related to via increases. Figure 7 (e) presents the effect of variation of distance (G 2 ) between two L-shaped slots of EBG patch on VSWR pattern. Due to variation of distance the current path on EBG patch increases which add the more inductance value, due to which the bandwidth and center frequency of notched band increases. The variation of VSWR for different width (W m ) of L-slots on EBG patch is shown in Figure 7 (f). It is seen that the upper notched frequency decreases with the increase of slot width, which can be used to tune the band precisely.
Further, investigations of the number of unit cell of the proposed EBG structure is carried out on the performance of the antenna. Four different cases are considered as shown in Figure 8 . Figure 9 (a) shows the variation of VSWR as a function of frequency with the variation of number of elements of EBG structure. In case 1, the value of VSWR and bandwidth of band notched decreases in comparison to case 2 (proposed Antenna 2). This is due to the reduction of capacitive coupling between feed line and EBG structure. When we consider case 3 and case 4, dual band notched characteristics is observed. Therefore, wide notched band is achieved. In case 3, since more unit cells of EBG is directly coupled to feed line, therefore the peak of VSWR value is more than the case 4. However, we have considered the case 2 as optimized structure. bandwidth at higher and lower frequency deteriorate. The variation of VSWR with variation of length L g of ground plane is shown in Figure 9 (c). It is observed that the optimized value of L g is 15 mm while when we increase or decrease the length, impedance bandwidth reduces from lower frequency side. From, Figure 9 (d) it is clear that the variation of ground plane width 'W g ' also affect the impedance bandwidth but for small variation it is not significant and at value of W g = 22 mm it approaches the VSWR value of 2 in UWB range.
MEASURED AND SIMULATED RESULTS
The proposed monopole antenna with stepped geometry has been designed and optimized by Ansoft's HFSS and simulation is also verified by CST MWS. CST MWS is further used for calculation of the time domain behavior of the UWB antenna. The measurement of proposed antenna is done using Agilent E8364B PNA. Figure 10 shows the simulation and measured VSWR variation with frequency of the Frequency (GHz) Frequency (GHz) Figure 10 . Variation of VSWR with frequency, (a) antenna 1 and (b) proposed antenna 2.
proposed antenna with and without EBG structure. From the plot it is clear that the monopole antenna with stepped geometry shows the impedance bandwidth of 2.3 GHz to over 11 GHz (VSWR < 2). The proposed antenna has sharp band notched from 4.9 GHz to 6 GHz around central frequency of 5.5 GHz with high VSWR. Good agreement between simulation and measurement results is achieved.
To understand the mechanism of antenna, input impedance with variation of frequency is plotted in Figure 11 (a). It is seen that the real part and imaginary part of impedance lies around 50-Ω and 0-Ω respectively and oscillate about it throughout the UWB range except for the WLAN frequency region where very high mismatch corresponding to real and imaginary part of impedance occur due to which during that frequency range, power will not be accepted to radiate through antenna.
The surface current distribution of the proposed antenna with EBG structure is shown in Figure 11 (b). From figure it is clear that at the frequency of 4 GHz and 8 GHz the maximum current is concentrated and propagated to radiating element while at frequency of 5.5 GHz maximum current is concentrated on EBG structure due to which less current is propagated to antenna to radiate. which confirms the mechanism of EBG structure and the proposed antenna. Figure 12 presents the comparison of the measured radiation patterns between antenna 1 and antenna 2 at 3 GHz, 4.5 GHz, 7 GHz, and 10 GHz. The radiation patterns of antenna 1 are nearly identical with antenna 2 radiation patterns. Thus, the introduction of EBG structure has little effect on the radiation patterns. It is clear from figure that the antenna have good omnidirectional radiation patterns at 3.0 GHz, however the radiation pattern at higher frequencies such as at 7 GHz and 10 GHz shows some variation from omnidirectional properties. However, generally the radiation patterns in E-plane are roughly dumbbell shape and the pattern in H-plane is quite omnidirectional.
The measured gain of the both antenna 1 and antenna 2 is shown in Figure 13 (a). It is observed from the plot that the gain drastically decreases and goes to negative in the range of WLAN notched band for Antenna 2 compared to the gain of Antenna 1. A gain suppression of 6 dB is achieved. Otherwise the gain of both the antenna is almost constant in all the frequency range and varies between 2 dBi and 6 dBi. Similar nature is also observed from the plot of variation of radiation efficiency with frequency shown in Figure 13(b) . The radiation efficiency is determined by using Wheelar Cap method [25] . From the plot it is clear that during notched band the radiation efficiency decreases up to 30% in the case of antenna 2 while other than notched band, proposed antenna shows good radiation efficiency. The time domain behavior is one of the important characteristics of UWB antennas. The antennas should have minimum distortion in both transmitting and receiving modes. To investigate the timedomain behavior a setup is created in CST MWS. The antennas are placed in two orientation one is face to face and other is side by side with a distance between two antennas is 30 cm (far field position). The transmitting antenna is excited with Gaussian pulse and the signal is received at second antenna to investigate. The normalized signal values of excited and transmitted signal in both the cases are shown in Figure 14 . From this it is clear that in both the cases the transmitted signal does not distort significantly than excited pulse.
A well defined parameter fidelity factor [20] which is used to measure the degree of similarity between the input and the received signal, which is defined as Figure 14 . Excited Gaussian pulse and the received pulse at different orientations, (a) antenna 1 and (b) antenna 2. where, s t (t) and s r (t) are input and received signal. The fidelity factor in both the cases with and without EBG is given in Table 3 . Then from the time domain results given in Table 3 it is clear that due to the EBG structure signal does not distort in comparison to antenna 1 very much which shows that the time domain behavior of antenna 2 remain approximately same. Table 3 also shows the good pulse handling capability of proposed antenna as required by UWB communication system antennas. The far field group delay of the proposed antennas is shown in Figure 15 . The far field group delay is determined by placing the antenna in side by side position at a distance of 30 cm. It is clear that during notched band the group delay is very high in comparison to other frequencies in UWB range.
CONCLUSION
A monopole antenna with stepped geometry for Bluetooth and UWB applications with WLAN band notched to avoid interference in UWB band has been realized and discussed with detailed analysis. The notched band is introduced in the UWB range with the help of two modified L-slot loaded mushroom type EBG placed on the both sides of microstrip feed line. An equivalent resonant circuit model of proposed antenna with modified mushroom type EBG is also given. The stop band of EBG structure is analyzed with the help of dispersion Brillouin diagram and transmission coefficient results. Good agreement is found between simulated and measured results. From the simulation results it can be concluded that the introduction of EBG structure has negligible effect on the radiation patterns and time domain behaviors of the proposed antenna. This antenna can be expected to be a good candidate for UWB applications.
